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SUMMARY

A numerical solution of the axially symmetric Polsson equation for mixed
boundary conditions 1s presented, and the theory and application to an ion-
thrustor analysis 1s discussed.

A method of solution is developed in which the differential equation is re-
placed by finite difference equations, and the properties of the resulting ma-
trix are studied. The theory of matrix '"regular splittings" is applied. The
Cyclic Chebyshev Semi-Iterative method is used to solve the matrix equation, and
an estimate of an optimum relaxation factor is given. The Poisson equation is
solved by a method of successive approximations.

The numerical method is demonstrated with an example of a hollow-cylindrical
ion beam. The program for an IBM 7090 computer is also included.

INTRODUCTION

The numerical method of solution of the space-charge-flow problem or, mathe-
matically, the solution of the two-dimensional Poisson equation 1s developed and
presented in reference 1. Application of this two-dimensional method together
with its extenslon involving curved ion-emitter surfaces is demonstrated in
reference 2. Good agreement of this method with avallable experimental data is
also reported in reference 2. A method of analysis of an axially symmetric ion
beam in an ion thrustor is discussed herein. The material presented represents
a logical extension of the work described in references 1 and 2.

After boundary conditions of finite extent are stipulated, the Poisson equa-
tion in a continuous form is replaced by finite-difference equations. The
finite-difference equations give rise to a real symmetric matrix by virtue of
the axlal symmetry of the problem. The properties and convenlent partitioning
of the resulting real symmetric matrix are discussed in detail. The solution of
the matrix equation is accomplished by the use of the Cyclic Chebyshev Semi-
Tterative method. The general procedure for obtaining a solution of the axlally
symmetric Poisson equation is essentially the same as that descrilbed in



reference 1. The space-charge-density-distribution function is not known a pri-
ori; and therefore, the Laplacian equation is solved to determine a first ap-
proximation of the potential distribution in the bounded region. The equations
of motion are used together with this initial potential distribution, to obtain
the ion trajectories and the initial values of the space-charge-density function.
A series of successive approximaticns then gives the solution of the Poisson
equation.

The theory of the numerical method is demonstrated in an example problem.
The problem, which was analyzed, is the spacew-charge-limited flow in a hollow-
cylindrical-beam ion thrustor that has a cylindrical ion emitter. 'The solution
was obtained with the ald of an IBM 7090 computer. The computer program is de-
scribed in appendix C by Carl D. Bogart. No effort was made to optimize the
computer program other than the method of obtalning rapid convergence to the so-~
lution of the matrix equation. The electrode coordinates together with the
method of determination of electrode shapes are given in reference 3.

STATEMENT OF PROBLEM AND NUMERICAL ANALYSIS

The theory of a numerical method of solving the axially symmetric Poisson
equation is presented for the steady-state space=-charge-limited flow of an ion
beam in an ion thrustor. In thls sectlon, a mathematical model is determined
from a hypothetical axially symmetric ion thrustor, and the finite-difference
equations that give rise to the matrix equation are established. The solution
of the matrix equation is then developed.

Mathematical Model

A reglon consldered for presentation of the theory of the numerical solution
of the axially symmetric Poisson equation is shown in sketch (a). The external
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soundary represents a hypothetical ion thrustor with a disk emitter and a cylin-
irical ion beam extending in the z-direction. The location of the downstream
soundary Yg 1is arbitrarily shown in the plane of the accelerator. For analysis
5f a real thrustor configuration, the location of this boundary will normally be
further downstream, as is described in the example problem.

The Poisson equation in cylindrical coordinates is in the form

2
-V CP(I‘,G,Z) = €i' p((P,r,G,z) (l)
e}

The external boundary I' of the region R satisfies the equation

6
(IﬁP(I‘,G,Z) + B BCP(I‘n z) =7y for 1=1,2,3,4,5, « # B (2)

Two sets of values of o« and B apply: 1,0 and O,1. Values of a =1 and
B = 0 correspond to Dirichlet boundary conditions, while a =0 and B =1
correspond to Neumann boundary conditions. (A1l symbols are defined 1n appendix

AL)

The potential-distribution function is ¢(r,0,z) and the space-charge-
density-distribution function is o(9,r,6,z) both of which are continuous inside
the region R. The space-charge-density distribution function £ 1s nonnegatlve
for positive ion flow and 1s not known a priori. It depends on the potential-
distribution function @, which must satisfy equation (1) and the conditions of
equation (2) on the exterior boundary I' of the region R.

The numerical solution of equation (1) is accomplished by overlaying a dis-
crete number of mesh points on the region R, as shown in sketch (a). The uni-
formity of mesh spacing overlayed on region R 1is not essential but was chosen
for simplification of the matrix coefficients. The size of mesh spacing is ar-
bitrary and depends on the physical dimensions of the problem and the anticipated
potential gradients in certain portions of the region R. For that reason it is
possible to have several nets of uniform mesh spacing, as described in refer-
ence 1. Next, the differential equation (eq. (l)) is replaced by the finite-
difference equations that satisfy the conditlons -of a subregion, that is, the
influence area of each mesh point.

Finite-Difference Equations - Five~
Point-Formula Approximation
The Poisson equation (cylindrical coordinates) for the discrete case is

Jvzw(r,e,z) = f(w,r,6,z) (3)

For each of the subvolumes T4 surrounding the internal point r,z (shown in
sketch (b)), the numerical approximation to equation (3) is given by the filve-



point-formula approximation as follows:

h 2
I'(\4””_1",2 T Wr,z+l T Vr,z-1 Wr+l,z Wf-l,z) + ) (Wr-l,z - r+l,z> = rh fr,z

(4)

The derivation of the flve-point-formula approximation from Green's three-
dimensional theorem can be found in reference 4. For completeness, it is in-
cluded in appendix B.

,Plane of region R

Because of the axial symmetry, equation (4) represents the finite-difference
approximation of equation (3) in the r,z plane (identified as R in sketches
(a) and (b)). For example, writing equation (4) for point 5 of sketch (a) gives

r(4w5 - Wg = Wy = Wy = w6) +% (WS - w4> = rhzf'5 (5)

The flve-point-formula approximation of equation (3) can be expressed for
each mesh point surrounded by subregion ry for 1=1,2, .. ., N. The trun-

cation error of this approximation is of the order hz, that is, O(hz). For
subregions along the external boundaries, the five-point-formula approximation
of equation (3) must be modified to account for the particular boundary being
considered. Various forms of the modified approximation formula are given in
appendix B.



The finite-difference approximation of eguation (3) for each subregion gives
rise to a set of linear algebraic equations. For N mesh points in region R
there are N linear algebraic equations with N wunknowns. This set of equa-
tions can be expressed in matrix form and is discussed next.

Matrix Equation

If the ordering of mesh points is as shown in sketch (a), the N linear
algebraic equations with N unknowns can be written in matrix form as

Aw = k (6)

where w 1is a column vector representing the discrete potential distribution
Wy o N’ k is a column vector consisting of the discrete space-charge-
yey vt -

density distribution fl,Z, ..., N and, when applicable, the boundary values
Yl,2,3,4,5' The resulting matrix A is an N by N real symmetric matrix. For

the example given in sketch (a), matrix A takes the form

_Jé—s 2o 'i% o o] o o o |
_% 2 -}: 0 -%— ol 0o o o0
o -z 2| o0 o -%6— o 0 0
= 0 0 = 20 _116 o o
A =
0 -%- 0 -% 2 -i; 0 ‘% 0
o 0 ‘:‘EE 0 -3 2l o0 o =
o 0 o -fg o o 2 o
o 0o o] 0 - o-2 2 -z
| 0o 0 of 0 0 ‘Il's' 0 -3 g_

The solution of the Polsson equation (eq. (5)) now has been reduced to the nu-
merical solution of equation (6). The diagonal entries of matrix A are posi-
tive, whereas the off-diagonal entries are nonpositive. It can be proved that
the real symmetric matrix A 1s a Stieltjes matrix, as defined in reference 4,



and thus matrix A has an inverse A™1 > 0 (therefore A is a nonsingular ma-
trix), which ensures that the solution of equation (6) 1s unique. It should be
noted that it may be necessary to multiply some of the finite-difference equa-
tions by appropriate scaling factors in order to ensure that matrix A is sym-
metric.

Because of the different values of the main diagonal entries, it is no
longer convenient, as it was in the two-dimensional case of references 1 and 2,
to premultiply the matrix A by a positive diagonal matrix D such that DA i
a matrix with unity on its main diagonal. This step would destroy the symmetry
of matrlix A +to which the following discussion is directed.

The solution of the matrix equation (eq. (6)) 1s based on the theory of
"regular splittings" as discussed in reference 4. Using the method of this
theory allows expressing matrix A as

A=B-C (7.

where B and C are again N by N matrices that would be written for the
example as

~ -
by 3 O 0
B=|O by 5 O
_O 0 b5 3

where bi i represents the diagonal block matrices of the example matrix A and
2

—6 1,2 0 i
C = cz’l 0 02)3
:3 C3,2 0 |
where ci,j represents the off-dlagonal blocks of A. Both matrices Bl and

C have nonnegative entrles that satisfy the definltion of regular splittings of
matrix A according to reference 4. The theory of regular splittings is a
powerful means by which a solution of matrlx equations involving matrices more
general than tridlagonal matrices can be accomplished very efficiently. This
method could be applied as well to the solution of the matrix equation reported
in references 1 and 2.

SOLUTION OF MATRIX EQUATION

As mentioned in the previous section, the solution of the axially symmetric



Poisson equation lies within the numerical solution of the matrix equation
(eq. (6)). If equation (7) is substituted into the matrix equation (eq. (B)), it
follows that

Aw = (B - C)w = k

or equivalently
w = Bloy + Bk (8)

-1

Identifying D = B'lC and g = B "k and substituting in equation (8) yields

w=Dw+g (9)

Equation (9) is now used to solve the matrix equation (eq. (6))

Cyclic Chebyshev Seml-Iterative Method

The solution of equatilon (9) is based on the fact that matrix A of equa-
tion (6) is a Stieltjes matrix, furthermore, that matrices B and C are de-
fined as a regular splitting of A, and that B 1s symmetric and positive defi-
nite. The iteratlon matrix D = B‘ C of equation (9) is then irreducible, non-
negative, and has real eigenvalues, since D 1s similar to a symmetrical matrix
and is convergent, as shown in reference 4.

Now to explore the cyclic properties of the iteration matrix D. Similarly

in the case of matrix M 1in reference 1 for the two~dimensicnal solution of the
Poisson equation, equation (9) can be written as

il |9 Da||®mm| (&

12
&

¥ 1

where now the subscript 1 is associated with odd-number lines and 2 with
even-number lines. By the Cyclic Chebyshev Semi-Iterative method, the vector
components of equation (10) can be written as they were in reference 1 for the
two-dimensional case, namely,

Zm+l

w2m+l w (b Woll ¢ g - yim"l> + Him_l for m>1
(11)

wemta m+ m m

—z - w2m+2<DlE§ * € HS ) * Hé for m20

where, for m= 0O

O
wy = D+ gy



Again, this iterative method requires only the initial guess of the single vector

component KS) and the method of solution does not require any more computer

storage space than any other iterative procedure.

The relaxation factor  1n equation (11) is given in the form of the
Chebyshev polynomials, but for actual computation 1t is more convenient to ex-
press W as

1
By = T T2 for m> 2 w
1 - T _P- (D)(L)HJ
w =1 F (12)
o = B
° 2 - T(p) J

Spectral Radius of Matrix D

As was pointed out 1n reference 1, it is very important to choose the re-
laxation factor @ of equation (11) with great care in order to obtain an opti-
mum rate of convergence of that equation. It 1s evident from equation (12) that
w is a function of the spectral radius H(D).

If u is any vector with positive components uy, determination of non-
trivial upper and lower bound estimates for the spectral radius of D may be ob-

tained by applying the minimax theorem (ref. 4), which for the iR iteration is
given by

d., .u.
2 4y, 54, %, 5%
min|—-+———] < (D) < max|-<
u. = = u
i i i i

Since D 1is irreducible, E(D) can be expressed finally as

Z A, 5% E dy, 5%
max|min|\—< — = (D) = min max-4l—7;-———- (13)
ueR| 1 i ueR | 1 i

The Iterative Procedure

The numerical solution of the axially symmetric Poisson equation (eq. (3))
now follows & procedure similar to that outlined in reference 1. The principal
difference is in the iteration-matrix D of equation (9), which was derived in
the previous section. Equation (ll) 1s solved first with no space charge to ob-
tain the Laplacian potential distribution inside region R. From this potential

8



distribution and the equations of motion, lon trajectories are calculated and the
first-order space-charge-density-distribution function f(w,r,8,2z) of equa-

tion (3) is determined. There is an additional feature in this computer program
for pointwise calculation of ion trajectories that is not included in refer-

ence 1. In the event a trajectory goes through an almost 90° bend, a switch in
the program changes the direction of sweep (e.g., from r to z) of the incre-
ments from station n to station n + 1. The accuracy of computation is im-
proved by this method.

A serles of successive approximations to the space-charge-density function
f(w,r,8,z) together with the necessary precautionary checks, as discussed in
reference 1, then gives the solution of the axially symmetric Poisson equation.

NUMERICAL EXAMPLE

The example chosen to demonstrate the numerical method of solution of the
axially symmetric Poisson equation is a hollow-cylindrical-beam ion thrustor.
The mathematical model that has been analyzed is shown in figure 1. The coordi-
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nates of the electrode shapes were obtained from reference 3. The configuration
was slightly modified to conform to physical reality, namely, the inner elec-
trodes were assigned a definite thickness rather than lines as given in refer-
ence 3. The downsiream external boundary conditions were chosen to permit the
program to analyze in detail the aperture effect and the impingement current on
the electrodes. These effects are of vital interest to good ion-thrustor design.
An IBM 7090 computer was used to solve the numerical example. (The computer pro-
gram is given in appendix C.)

Operation of the hollow-cylindrical beam ion thrustor is as follows: Ions
are formed on the ion emitter, for example, the porous tungsten type, which is
heated and at a positive potential relative to ground. The accelerator or inner
electrodes are at a lower potential than the ion emitter, usually at a negative
potential to prevent electrons from entering the thrustor. With the assumption
that an adequate flow of propellant is supplied (cesium vapor in this case), the
potential field created between the ion emitter and the accelerator electrodes
gives rise to space-charge-limited flow of the ions.

The boundaries were chosen as follows (see sketch (¢)): (1) the ion emitter
and the emitter focusing electrode Y31 at a uniform potential of 2828.6 volts,

(2) the portion of the external boundary between the emitter focusing electrode
and the accelerator electrode Yo with the normal derivative equal to zero, (3)

the accelerating electrode YS at -1592.4 volts, (4) the portion of external

Ion emitter, vy

X _ T
on ‘2
—Accelerating electrode, Yg
//a¢
Su ~ T4
¢ = T5
Accelerating E
electrode, T~
o0
Su = T4

boundaries behind the accelerating electrodes 7V, arbitrarily chosen with the
normal derivative equal to zero, (5) the problem arbitrarily terminated with
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ground potential 7Yg, (6) the inner accelerating electrode Yg at ground poten-
tial. All potentials are referenced to ground. The potentials 7T, 7z, and Tg

resulted from inverting the potentials for electron flow given in reference 3.
In this inversion, Yg was arbitrarily chosen at ground potential.

The treatment and the locaticon of the downstream boundaries 7, and Ty

are arbitrary from the mathematical viewpoint. For a real ion thrustor, however,
these boundary conditions may be of considerable importance. As discussed 1n
reference 1, various possibilities may arise that are primarily related to the
problem of beam neutralization. It is not the purpose of this report to show the
dependence of the selection of the downstream boundaries on the overall solution
of the problem, but the reader is cautioned to use his own Judgment or available
experimental data to determine the approximate downstream boundary conditions for
a given configuration. It was felt that the selection of the downstream boundary
as shown in sketch (c¢) may be a good approximation to the actual operational con-
ditions of this thrustor.

Equipotentials of the solution of the Poilsson equation for region R (shown
in fig. 1) together with lon trajectories are shown in figure 2. The average
current density of the ion beam at the emitter was calculated to be 0,147 ampere
per square meter for the potential distribution shown in figure 2. This value
is very low because of the "accel length" of 4 to S centimeters instead of 4 to
5 millimeters as may occur in real ion-thrustor practice. From examination of
the ion trajectories, the impingement current on the accelerator electrodes was
calculated to be 5.0 percent of the ion emitter current.
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Figure 2. - Equipotentials and ion trasjectorles for space-charge-limited flow in regicn R
of figure 1.
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It is of interest to analyze the right-hand side (RHS) of equation (3), as
was done for the two-dimensional case in reference 1, for the first row (or
column) from the ion emitter (i.e., mesh points 67, 80, 93, 106, 119 in the first
row from the emitter in fig. 1). If it is assumed that the trajectories very
close to the emitter may follow straight lines, the RHS for the first row from
the ion emitter can be written as

JE
= (14)

where Jjp 1s obtalned from the Child-Langmuir formula:

o= 4 ggbAws/z
JE = 3 %o m 2

From the conservation of energy equatlon,

¥ =7, = ‘/z—;n(-l-Arw

If the potential along the first row 1s assumed almost constant (trajectories are
straight lines),

O

Lw = A
and equation (14) becomes
4 A
f== L
5 2 (15)

Substitution of equation (15) into equation (4) written, for example, for mesh
point 80 (see fig. 1) gives

1‘(4"’80 = Wgz = Wg7 - Wgy - T:L) + ;‘1 (Wel - Tl) = %Arw

Thus, when the potential distribution from the solution of the Laplaclan equation
is known, a quick check of the RHS as a first approximation of the Poisson equa-
tion at the first row can be made by multiplying the potential difference between
the emitter and the mesh point of the first row (or column) by (4/9)r.

It should be noted that the electrode shapes obtalned from reference 3 were
calculated by a numerical method for a hollow beam described by an analytical
solution in which the voltage and electric fields vary exponentially with respect
to distance along the axis. The analytic solution of a hollow beam with cylin-
drical emitter did not take into account the aperture effect. Therefore, it
would be expected that the electrode shapes calculated from that analytical so-
lution may be in error for an actual ion-thrustor design.

12



The calculated impingenent current of 5 percent herein might be attributed
to accounting for the aperture effect as well as a change of the electric field
around the eliectrodes resulting from introduction of a finite thickness to the
electrodes. It is felt, therefore, that the agreement of this numerical method
with the method of reference 3 for determination of electrode shapes for axially
gymmetric ion thrustors is good. Improvement in the icn optics may possibly be
obtained by blocking segments of the ion emitter that had contributed the portion
of the cpace-charge flow that was intercepted on the accelerator electrode. This
type of improvement of ion optics is discussed in reference 2.

CONCLUDING REMARKS

The objective of this paper was to develop a numerical method of socluticn of
the axially symmetric Poisson equation for mixed boundary conditions. The region
for which the solution was sought was overlayed with mesh points, and for each
mesh point the differential equaticn was replaced by finite-difference approxima-
tions. These approximations gave rise to a set of linear algebralc equations.
For N mesh points in the region R, there were N linear algebraic eguations
with N unknowns, which resulted in an N by N real symmetric matrix - a
Stieltjes matrix.

The theory of regular splittings was used because of the nonuniform main
diagonal entries in the matrix. The matrix equation was solved by the Cyclic
Chebyshev Semi-Tterative method on an IBM 7090 computer. To obtain fast conver-
gence in the iterative process, an estimate of an optimum relaxation factor was
used.

The method of solution presented herein is general for any type of external
boundary that satisfies equation (2). The application of this method of solution
to the analysis of the space-charge flow in a particular axially symmetric ion-
thrustor configuration was demonstrated. Agreement between ion trajectorles ob-
tained by this method and those obtained from an analytical solution was very
good. The present method is superior to previous analytical methods in that the
present method includes full account of the exhaust aperfture that exists in real
ion thrustors.

The method of solution presented herein may find use as a tool for diag-
nostic purposes by those working in this area. This method together with the
two=dimensional method of analysis previocusly reported in references 1 and 2 ex-
tends the numerical program to include most of the icn-accelerator geometries
currently being investigated.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, February 4, 1963
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APPENDIX A

SYMBOLS
matrix of matrix equation (eq. (8))
matrix, inverse of matrix A
block diagonal matrix (eq. (7))
matrix, inverse of matrix B
entries of matrix B
off-diagonal block matrix (eq. (7))
entries of matrix €
iteration matrix
matrix associated with odd- and even-number lines of D, respectively
entries of matrix D
space-charge-density-distributioh function for discrete case, V/sq m
column vector, B'lg
column vectors for odd- and even-number lines, respectively
mesh spacing, m
current density, amp/sq m
column vector of matrix equation
particle mass, kg
number of mesh polnts in region R
outward normal
unit charge, coulombs
region in sketch (a)
subregion of Rj; cylindrical coordinate

component of u



u arbltrary column vector

v average velocity, m/sec

w potential-distribution function for discrete case, v

W column vector of matrix equation

El,z column vectors for odd and even lines, respectively

z cylindrical coordinate

a,B integers, (1 or 0)

T external boundary of R

T discrete portion of external boundary

A increment or difference

& increment of length in sketch (g) and eq. (B10)

V2 Laplacian operator

€ mathematical symbol representing '"belongs to the set”

€5 permittivity of free space, coulombs/(v)(m)

e cylindrical coordinate

(D) spectral radius of matrix D

P space-charge-density-distribution function for continuous case,
coulombs/cu m

o surface area bounded by subvolume T in sketches (b) and (4)

T subvolume of bounded space shown in sketches (b) and (d)

¢ potential-distribution function for continuous case, v

w relaxation factor

Subscripts:

E emitter

i1, number, 1, 2, . . ., N

m number of 1teration

15



N number of mesh points
r,z direction
Superscripts:

m number of iteration
o initial guess

1 first iteration

16



APPENDIX B

DERIVATION OF FINITE-DIFFERENCE EQUATTONS
ACCORDING TO REFERENCE 4

The Poisson eqguation in cylindrical coordinates 1s

JVZW(r,G,z) = f(w,r,8,z) (B1)
T
A
/ 6 L,—Plane of region R
/4 — —fi j\ -
/ / |
| /\ \<—— Az, \
! 7‘;':"_%27 -
/ . |l ° ‘ .
o r,z-1 |: / r,z ' Ar r,zt+l
k/ L —
'/ L Subvolume, Ts
S
s | |
r-1,z >z
(a)

From the integration of equation (B1) over the subvolume Ty shown 1n sketch
(a) it follows that

_//f Vzw(r,e,z)r dr a6 dz = /// f(w,r,8,z)r dr d0 dz (B2)
'L'i Ti

By Green's theorem, the term on the left-hand side of equation (B2) can be re-
duced to a surface integral over the area 0j bounding the subvolume T, and
equation (B2) can be written as

- /7 W@ = f/f f(w,r,6,z)r dr d0 dz (B3)
0‘i Ti
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where Ow(r,8,z)/0n is the derivative in the direction of the outward normal to
a;-

To obtain a five-polnt-formula approximation, the following numerical ap-
proximations to the integrals of equation (B3) are made. The function
f(w,r,@,z) 1s assumed to be constant for the subvolume T4, and therefore the
RHS of eguation (B3) becomes

/ff {w,r,8,z)r dr d6 dz = £y /// r dr d8 dz (B4)
Ts T,

For the axially symmetric case, w 1s independent of € and the normal deriva-
tives of the left-hand side of equation (B3) are approximated by the central
difference formula as

o ) s =

for the z-direction shown in sketch (d). Substitution of the preceding approxi-
mations into equation (B3) and integration gives the five-point formula, which
can be written as

- erZ+l " Wr)z [Tf(r -+ g)z - ﬁ(r - £>2:] é.e_ + WE)_Z_J‘ - Wr}z
en

Az, a 2 Az,
2 2 W - W
Ar Ar MO r+l,z T,z < Ar)
X LIG‘+-??> - ﬂ(r - 7;):] 5 + A [ r + 5 FANCRVAY A
W - W
r-l,z T,z Ar
+ 5] 2z ( - ——2—) 00 Dz b= £, v Ar 86 Az (B5)

To simplify the matrix coefficients, 1t 1s necessary to choose Ar = Az = h.
Equation (B6) then reduces to

h 2
I'<4Wr,z T Vpoz4+l T Vr,zel T Vr+l,z T Wr—l,z) t3 (wr-l,z = Wr+l,z) = rh®fn.
(B7)

For r = 0 (see sketch (e)), the five-point-formuls approximation of equation
(B3) is

_J¥r,ztl T Vr,z ﬂgzé_q +wr}z—l_wr)z ﬁ(g)z_A_Q
Az, 2 an Az 2 2%

s - W
r+l,z r,z eh' ) _ (
+ s 500 Lz)y = fr, 27

Nl?
N—
D>
D
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For Ar = Az = h, it follows that

3w W. W. W
r,Z r,z+l r,z-1 r+l,z h
r - e B - P (8)

For the case where the normal derivative is specified at the external boundary
(see sketch (f)), the five-point-formula approximation of eguation (B3) 1is
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For Ar = Az = h, it follows that

- r h r h h e ( n
T Vr,z T \Z T B Yr,ztl T \Z T §)Vr,z-1 Y - 3 Vral,z < fr,e 3 -7

(B2)

For regions with curved external boundaries (see sketch (g)) the numerical

r+l,z
o)

Ar
Az B .
oo™ Ty

r,z-1 r,z

O

r-1,z

()

approximation around the curved portion of the boundary T' is as follows:

W - W W -w
_lr+l,z T,z 4+ 4r <ﬁz + 5 r-1,z T,z _Ar\(Az + B
A (x‘ N A\Ee AG + A r ) (T JaNG)

- 2 2 -
+ Zl___EZLé x|r +-é£> - xfr - AT) |28 Tryz-l ~ ryz
® 2 a1 Az,

o8 -] e o] 2 Y

For Ar = Az = h, it reduces to

i(h+6)2w —I‘+'11 E__S.w _r_..ll .I_l_ﬁw
dh r,z 2 Z2h r+l,z 2 2h r-1,z
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APPENDIX C

IBM 7090 ION-THRUSTOR FORTRAN CODE AND BLOCK DIAGRAM

By Carl D. Bogart

A schematic representation of the Fortran program is shown, followed by the
symbol list, a flow chart of the program (fig. 3), and a complete Fortran list-

ing with the data for a sample case.

Data input Conditional
and iterative
Start gl conditional - colution of
eigenvalue Laplacian
calculation equation®
Calculation
Conditional of trajec- ‘_‘
] exit tories and <
RHS
Iterative
Conditional solution of
= modification = Poisson
of RHS egquation
&5ame program as Polsson solution with RHS equal to zero.
FORTRAN CODE SYMBOL LIST
Control Words:
ATX x-emitter coordinates
ATY y-emitter coordinates
X0 positive, RHS prints out; negative or zero, RHS will not print out
JOT number of lines of trajectories to be printed out
KAB number of lines to traverse to obtain equipotential line
KAN test point for RHS
KBA test point for equipotential line 1f current is calculated from equal

delta potential



KCY

KISW

KRL

LINC

MO

NCOCR

NLD

NLIN

NPIT

NPOL

NPONT

NSPAN

NSwWP

NTJ

NTOP

az

vector to test for space-charge~limited flow
positive, all print-outs occur; negative or zero, no print-outs

positive, calculation of current is with equal delta-x; negative or
zero, calculation of current is on equal delta potential

cycle counter
vector determining order of calculation of lines

positive, test RHS upper bound; negative, test RHS lower bound; zero, no
test

positive, emitter coordinates are beginning trajectory coordinates;
negative or zero, beginning trajectory coordinates are calculated

number of emitter coordinates

number of heading cards

number of lines of trajectory output for Polsson solution
number of IB's to be read in

number of LC!s to be read in

number of LD's to be read in

number of lines in matrix equation

negative, elgenvalue to be calculated; zero, potential input is from
resistance paper; positive, potential input is from dump for restart

first point in equipotential or first point for calculation of current
from equal delta-x

number of points per line
number of cycles
width of y-sweep if equipotential is calculated for horizontal emitter

positive or negative, sweep 1s in y-direction; zero, sweep 1s in
x-direction initially

number of trajectories
total number of points

number of KT's or XT's plus eight



NUL

NURL

number

initia

of iterations on matrix equation

11y to change NUL for Poisson; later as a switch to indicate end

of problem

Problem Specifications:

A

EPS

H

HGH

HEL

JT

KT

Ic

NJT

SIZE

VA

VAT

VBT

Ve

XLOW

XISL

atomic

conver

mesh s

lower

number of ions
gence test for matrix equation
ize

coordinate of upper electrode

maximum slope test to change sweep

vector
vector
vector
vector
vector
number
number
suppre
step s

emitte

of type numbers

of relative subscripts

defining first and last point to be calculated for each line
determining trajectory and RHS calculation

determining equi@otentials calculation

of JI's

of test points for over space-charge-limited flow plus one
ssion factor for RHS

ize in equipotential calculation

r potential

upper potential in equipotentials calculation

upper

electrode potential

lower potential in equipotentials calculation

lower

upper

electrode potential

coordinate of lower electrode

ninimum slope test to change sweep

error

function term

23



XN

XQM

X7

error function term

charge-to-mass ratio

spectral radius of matrix

vector of relative weights

permittivity of free space

'

Daatsy
‘nput

NETT « O

Tnisinl
aned o Jeo

2 Upper
obhonnds

Hopliaes

Lound

i

Average RHS
set MO = O
set KUY
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Figure 3.
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set NURL <
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TON-THRUSTOR FORTRAN CODE

C MAIN ONE —-DATA INPLIT MAINI

200

13

oSN

[SE IS

COMMON LRH,LB,J]'HH,L.X]'KT,L[NC,LB'XR.hTCP,NUL,NLIA,NREG,N[P.
NPI|.XEP,NX&P'CL'NPCNI,AX,AY.VX'VYoUX;CELY.YEP.XCN,F.KISN'ETX,
ETY,PTY,PTX,NAJ.NIJ.KBA.VA'VB'VCghCCCR'KCH'HSLvXLSLrEPS;NPOL-
NPUL;JD],KAB.NSPAN'RX.NKL'KRL.KAthC'LD'VAT'VET'SIZE.KBA,RFUP'
RFDOWN.XCL.NDT'NC,KCYoNShP,ATX,ATY.KAToKATTyKﬂBEphUFL.hJCT.
[XOsFGhRy XLO Wy XMPR ¢ NEM

CIMENSION KﬁN(ZC)sLD(Q)yLC(lO)pURH(QOOO)'UB(QOOO).JT(QOOO,v
RF(ﬁCCO)ab(QCCC).XT(63O)oKT(630)oLIhC(5O)'L8(200)9CU(40).VY(4C)
'VX(4C).KCH(4C),PTX(4C)'PTY(QO’9AY(40).AX(4O).ATX(4O)'ATY(4C)'
ETX{4C)ETY{4C)yxCUL4C) 4kCY(1C)

MU=1

REALC INPLT TAPE 7,1CCsNH

CO 13 J=1sNH

READ INPLT TAPE 7,1C7

WRITE OLTPUT TAPE 6,107

REAL INPLT TAPE 7,1CC.NTOP.hPEhTyKAh'hShF.NURLthCT.IXC

REALC INPUT TAPE 701CC;NLL'NLlNthayhTthJTphPIT

REAC INPUT TAPE 741CCo{LINC (J) +Jd=1LsNLIN)

READ INPUT TAPE 7,1CC,(LB(J) 4J=1,NLB)

Co 1 J:QQNpré

K=J+5

REAC INPUT TAPE 751CL,(KT(M} ¥=d,K)

READ INPUT TAPE 7,1C24 (XT(M) M=J,K)

REAUD INPLT TAPE 7,1C3,LJT(M)4¥=1,4NJT)

READ INPULT TAPE 7,1C24XR

IFINPIT) 243,23

C MATIN CALCULATES THE EIGENVALUE LSED IN THE ITERATICN SCHENME

2
3

~J

23

24

CcAaLL MATIN

JB=1

£CO 5 JL=L,NLIN

READ INPULT TAPE T2LCCyNC o NLyNR NS

READ INPUT TAPE T21Ca, (LB LU} oJ=1,NC)
NL=NL +LB(JB)

NR =NR +LB(JB )

LU 7 K=14NC

CO 4 JB=NLsNR

UlJdBY=UBI(K)

NL =NL #+N S

NR =R #N S

JB=JB+4

GU 10 24

NTOP=NTOP

CALL BCREAD{UINTOP),LIL))

CO € J=1,NTCP

ugldd)=uldd

RF{J)=C.

READ INPUT TAPE 7,1CC'NCCCR'KBthTJ.hEN'hPCLahPUL.KAB,NSPAN.JCT
,NLC,KISW,NRL'NKAN,NLD

READ INPLT TAPE 741CCy LKBNLJ) yJ=1 ¢ NKAN)
READ INPUT TAPE 7+1CCy (LC (J) o Jd=1sNLC)
READ INPUT TAPE 7,1CCy (LD (J) yJ=1»NLE)
REAC INPLT TAPE 7+41C29 VA, V8 4 VC sH,EPS yRX
REAU INPLT TAPE 7,1C2HSL g XLSL yHGH p XLCW 9 XN o XV

25



11

12
10

XMPR=Z.# (XN#XM) 202/ (XNu 22+ XNun2)

READ INPLT TAPE T,1C5,YEP+XCNM,A

READ INPUT TAPE 7,1C6,VAT,VvBT,SIZE
XUM=XQM/A

READ INPUT TAPE 7,LC4,(ATX(J)yJ=14NEN)
READ INPUT TAPE 7,1C4,(ATY(J) 4J=1NEV)
IF(NCOOR) 1C,1C411

CO 12 J=1.NEM

ETX(J)=ATX(J)

ETY(J)=ATYLJ)

CONTINUE

KRL =NRL

REAC INPUT TAPE 17,1CCeNPIT

REAC INPLY TAPE 7,1CCy(KCY(J)Jd=1,14)
IFINPIT) 25,25,2¢

C UCAL SOLVES THE MATRIX EQUATION

25 CALL LCAL
C MNTRI CALCULATES THE RHS AND TRAJECTCRIES
26 CALL MNTRI
GO 10 2C0
100 FORMAT(1415)
101 FURMAT(€15)
102 FORMAT(€EFL1C.5)
103 FORMAT(13I5)
1C4 FORMAT(IF1C.5)
1C5 FORMAT(7E1C.5)
106 FORMAT{2F10.5)
107 FORMAT(72H

26
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SUBRULTINE MATIN

C MATIN CALCULLATES THE EIGCNVALLE

(G N OV S g

N

COMMON LRH,LB,J],RH,L,XI,KT.LINC'LB.XR.ATCP'AUL,NLlhohRECpNTP,
NPI[,XEP.NXEP.CL,NPCNI,AX.AY.VX.V*'EX.DELY,YEP.XCN.F.KXSH.ETX.
tTY.PTY.PTX.NAJ.hlJ.KBA.VA.VB.VC.hCCCR'KCH,HSL,XLSL,EPS,NFCL,
NPUL,JDT.KAB'NSPAN,RX,NRL,KRL.KAN.LC,LC.VAT.VET.S[lEoKBh.RFUPv
RPDDHN.XCL,NUT,NC;KCY.NShP,AIX.ATY'KAT,KATT.KAEE'hURL,NJGT.
[XO s HGH ¢ XL Wy XMPR yNEM

CIMENSION KBN(ZC),LU(4)'LC(IC),LRH(4000)'UB(4000).JTl4000)v
RF(éCCC).L(4CCC)'XT(63C),KT(630)gLIhC(SO),LB(ZOO).CU(QO)'VY(4C)
oVX(éC)yKCH(4C),PIX(4C).PIY(4C).AY(QO’yAX(40)yATX(40)pATY(4C)o
ETX(4C)ETY(4C) 4 XCUL4C) 4KC Y (LO)

CIMENSION A{63),X(21)

EQUIVALENCE (LRH(L)Y yA(L1)) o LLRH{100) »Xx (1))

C MIT=NUMBER OF ITERATIONS CN EIGENVALLE CALCLLATICNAN
C KWh=— UR O,ND INTERMEDIATE OLTPUI
C KWR=+,PRINT INTERMEDIATE ITTERATICNS CN EIGENVALUE CALCULATIC

C COLUMN
50

43

44
4¢

REAC INPULT TAPE 7,1C2,MIT,KRWR
VECTOR INITIALIZED

CO 46 J=14NTOP
IFIJT(J))43,43,44

LutJdlr=C.

CO Tu 4¢

utdl=1.

CONTINLE

JS=-1

C ITERATIVE LOUP

CO 41 M=L1,MIT
Jg=1

C LOOP ON NUMBER OF LINES

23

14

15

1€

13

C MATRIX

CO 21 ND=1,NLIN
IF(LINCIND)) 23,311,423
KA=zLB(JB)
KB=LB(JB+1)+KA
KC=LB(JB+2)+KA

Jv=1

Ju=1

L0 12 K=K8,KC

SLM=C.

JZ=JT{K)

IF{JZ) 13,132,14

LU 15 Jy=3,5

JX=JZ+JY

ALJU)=XTLIX)

Ju=di+1l

LU LE JY=1.2

JX=JL+JY

JW=K+KT1IX)
SLM=SIM+XT(JX)= L (Jh)
X(JV)=SLM

Jv=Jv+l

CONTINUE

N=KC-KB+1

CALL MATRIX{N,A {2} 4X)
IS LSED FOR THE FCRWARD AND BACK SUBSTITUTICA
Jv=1

27



CO 17 J=KB,KC
RELJ)=X(JV)

216)

17 Jv=Jv+l
31 JB=Jbt4
C SWITCH ALLOWING MATRIX TC BE APPLIED TwICE
IF(JS) 22,434,34
32 CO 23 J=1,N1I0P
uBlJ)=u(J)
33 L{J)=RHI{J)
GO TO 41
C CETERMINATION OF SMALLEST AND LARGEST RATICS FCR EIGENVALUE
34 XL=C.
XS=1.
CO 39 JD=1,NTOP
IF(L(JD))39,36,25
35 X=RE(JDIZLB(JID)
IFIXL=-X)3€64237,37
3¢ XL =X
NNL =JD
37 IF(XS-X)36,3G,3¢
38 XS=X
NS=4D
35 CONTINUE
IF{KWR) 51451,52
52 WRITE OULTPUT TAPE 641C1 yMyXSeXLoNSeAANL
51 YL=RHINNL)
LO 4C JD=1,NTOP
4C LIJD)I=RF{JD) /7YYL
IFEXL-XS=-1.CE-07)42 442,441
41 dS=—4§
42 XR=SQRTF (5% (XL+XxS))
WRITE OLTPUT TAPE 6,1C3,XR
41 RETURN
101 FURMAT({ 20H LGh HIGH [542F13.8,5H
1C2 FORMAT(1415)
1C3 FORMAT(4HCXR= F1C(C. 8)

28
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SUBRUULTINE MATRIXIN,A 4 X)
¢ MATRIX 1S ULSED FUOR THE FCRWARD AND BACK SUBSTITUTICNA
CUMMON LRH LB pJ ToilH oL g XT KT yLINC o LBy XRyNTCP o NUL g NLINGNRECyNTP,
NPIIyXEP,NXEP.CL.hPChT'AXgAYyVXyVYpUX,DELY.YEF,XCN,P,KISN,ETX'
[]Y,PTY,PTX'NAJph[J.KBA'VA,VﬁpVCyBCLCRyKCF.FSL:XLSL,EFS'NFCL,
NPbL,JUT,KAByNSPAh'RX'NRLgKRLpKANyLC.LD'VAT'VBTySIZE.KBh,RPUF,
REDOWN g XCUgNOT g MC yKCY o NSWP o ATX o ATY yKAT 4 KATT yKABByNURLy NJCT
[XU)I"GHQXLOhyXMPR'NEN
CIMENSTION KBN{2C) L0 (%) ,LE(LO) yLRH(4000) ,UB (40001} ,JT7{40001),
RE(4CCC),L{4CCC) o XTLE30) 4KT(630) 4LINCI(50),LB(200),CUL40),VY(4C)
G VKLGC) 9y KCHLAC) yPIXI4C) yP TY{40) 2AY(40) yAX{40) yATX (40 ), ATY L 4C ),
3 ETX(4C)ETY(4C)  yXxCL(4C) yxCY (10)
CIMENSION A(63),4x(21)
M=3#n-2
A(M+])=C.
A(2)=A(2)/A
X=X/A
[IF(N=1) 1241246
9 K=¢
CO 10 J=4,M,3
ALJI=A(J)I-ALU-1)=A(J=-2)
AlJ+l)=ald+1)/a(0)
X(KD)={X(K})=A(J=-1)= X (K-1))} /A(J)

S W N e

N

1€ K=K+1}
K=K-1
CO 11 J=1sM,3
NB=M-J-1
K=Kk-1
11 X{K)I=X(K)-A(NB)e X(K+]1)
| 4 RETULRN
ED
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SUBROULTINE LCAL
C UCAL SOLVES THE MATRIX EQUATION
COMMON LRH LBy JTyRH gL p XToKTHLINC LB ¢ XRyNTCPyNULJNLIN,NREC,NTF,
NP IToXEP oNXEP yCUJNPCNT gAXsAY o VX o VY s CXpDELY s YEP g XCVMy b KISWy ET X,
ETY PTIY P IX NAJWNTI s KBA g VA4 VB VC yNCUCRyKCHyHSL o XLSLEFSyNFCL,
NPUL 9 JOToKAB ¢ NSPANJRXyNRL sKRL ¢ KANyLC LDy VAT 4VBT ,SIZEWKBN,RFEUP,
RFEDOWN g XCU pNOT o MCyKC Y S NSWP yATX ATY »KAT 4KATT ,KABB4NURLYANJCT,
IXO 4 FGH XLOWy XMPR ZNEWM
CIMENSION KBN(2C) LD (4} 4LC(L0O) yLRH(4000) 4UB(4000),JT(40C0),
REC4CCC Iy L{4CCC) 9 XTLE3C) yKT(630) yLINC(50),LB(200),CU(40),VvY(4C)
s VX{4C)oKCHUA4C) 4PTX(4C) 4P TY{40) yAY(40) ,AX(40) ATX{4C ), ATY(4C),
3 ETX{4C)ETY(4C) 4 xCL{4C) 4KCY(10)
CIMENSION A(E3),Xx{21)
EQUIVALENCELURH (L) yA (L)) y {LRH(L100) 4 x(1))
SX=1.
4¢€ Xn=1e
CO 2C NLU=1,NLL
NEZ=NLU
XEP=C.
XM= ,25% XR# a2
NOC=1
34 JB=1
CO 29 NL=1,WNLIN
1IF(L INC(NL}) 35,35,33
23 KA=LB(JB)
K8=LB(JB+1) +KA
KC=LB(JB+2) +KA
Jv=1
Ju=1
CO 28 K=KB,KC
SuUM=0
JZ=JT(K)
IF(JL) 28,284,217
21 CO 22 JY=3,5%
JX=J2+JY
A(JL)I=XT(JIX)
22 JL=JU+1l
CO 2€ JY¥=1,5
JX=JZ4JY
LFIKT(JX)) 34,2€6,34
34 IFIXTOIX)) 26,2€,25
25 JW=K 4K T(JX)
SUM=SIM4XTIUX)I#L (JW)
26 CONTINLE
X{JV)I=SIM+XT(JZ)eRH (K)
JV=Jdv+l
28 CONTINUE
N=K(C-KB+1
C MATRIX IS LSED FOR THE FCRWARD AND BACK SUBSTITUTICN
CALL MATRIX (N,A(2)4+X)
Jv=1
CO 24 K=KB,KC
IF{JT(K)) 24,24,23
23 CIF=X(J4V)-UIK)
JV=JV+l
C MATRIX EQUATION

oD LN e

N -
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21
24
35
29
40
31
41
3¢
37

30
42

43

44

45

Z

UK )=XWeDIF+U(K)
CIF=ABSF(DIF)
IF(CIF-XEP) 24,24,21
XeP=DIF

NXEP =K

CONTINUE

J=JB+4

L INCI{NL }=—LINC (NL)
[F{XWw-1.) 4C,31,40
Xw=le/(1le— XM#®XW)

GO Tu 41
XW=1e/(1e=2.%XM)
IFINOD) 37,37,3¢
NUD=C

G0 TO 3¢

XCON=XEP# XMPR

IF(XCON -EPS) 42,42,30
CONTINUE

KNUT=KBN(1)

J=2

CO 43 K=1,KNUT
JN=KBN(J)

IFCLIJIN)-VA) 43,44,44
J=d+1l

GO T0 47

SX=SX#RX

WRITE OLTPUT TAPE 6,1C0OsJNyLIJN) 45X
CO 45 J=1,NICP
ultd)=LB(J)
RE(J)I=RE(J)=*RX
KAN=KAN

REUP =RH(KAN)

GO TO 4¢

IFINRL-KRL) 24142

NUL =NLRL

NTOP=NTOP

CALL BCDUMP (LINTOP),L (1))
IWRL =NRL-KRL+XABSF {MC)
IFIKCY(IWRL)) 444,43

C TWOUT PRINTS OLT THE PCIENTIAL FIELD

3
C EQL INE

4

100
1C1

CALL TWOUT(NEZ)

CALCULATES THE EQUIPCTENTIALS

CALL EQLINE

WRITE DLTPUT TAPE 64+1C1InRL

RETURN

FORMAT(3LHCPOINT/VALLE /TCTAL SUPRESSICA
FORMAT{ EHCR LOOP 12)

END

15,4,2F15.5)
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SUBROLTINE EQLINC

C EQL INE SULVES FOR THE EQUIPCIENTIALS
COMMUN LRH LB 3 JT19RH U e XToKToLINC o LBy XRyNTCPyNULZNLINJNREC,NTF,
NP ITTyXEP yNXEP yC L NPCONT pAXyAY oW X g VY yDXyDELY S YEP s XCNM,FoKISW, ETX
ETYsPTYPTXsNAJ I NTI P KBA VA, VB sy VC yNCCCR4KCHyHSLoXLSLyEFS, NFOL,
NPUL s JOT KAB ¢ NSPANRXyNRLsKRL ¢y KAN,LC yLE VAT yVBT ,SIZESKBN,RFUP,
REDOWN s XCU o NOT o NC o KCY s NSWP yATX4ATY yKAT yKATT yKABEZNURLyNJCT,
IXU 9y FGHa XLU Wy XMPR ZNEM
CIMENSION KBN(2C),LD{4) ,LC{L1C) yURH{4000) ,UB (40001 ,JT(40001},
RE(4A4CCC)sUI4CCC) o XTI63C) yKT(630) yLINC(50),LB(200),CU40),VY(4C)
s VX(4C) yKCH{AC) ,PTX(4C) 4PTY(4C) 4AY(40) ,AX(40),ATX {40 ),ATY(4C),
FTIXL4C)£TY(4C) 4 XCL4C) 4,KCY(10)
Je=1
IF(SIZE) 1,21,1
1 PUTEN=VAT
2 JE=LD(JB)
JC=LD(JB+1)-1
JC=L0(JB+2)
CX=L0(JB+3)
CX=DX%H
BX=Ce
JEL=JE+JD
L=1
IF(JL-1) 24344
AX=C.
4 O 22 Jy=1,J4C

KS=1
5 AAY=C.

CO 16 K=JE,JED
¢ IF(KS) Eo8,y 17
7 M=1

J=K-LD(JB+1)}

G0 T0 9
8 J=K-1
g IF(JT(K)+4T(J)) 18,18,28
e
1

D W N e

W N\

O

E IFC(U(K)-POTEN)* (L(J)-PCTEN)) 10,410,418
G CIF=ABSFIL{J)-UIK))
IF{UCIF) 13,13,11
11 IF(M) 12,14,12
1z VX{L)=ABSF(L(J)—PCOTEN) /DIF #D X+ AX
VY (L )=AAY
GO TO 15
113 VXL )=AX+DX
VY{L )=AAY
¢C0 T0 1¢
14 vX{L)=AX+DX
VY({L )= ABSF(L{JI-POTEN) /DIF#CX+AAY
15 IF(L-7) liysl6s1l€
16 WRITE OULTPUT TAPE 64LCCoPCTEN, {VXII) yWY(I),yI=1,7)
L=C
17 L=L+1
18 AAY=AAY+DX
19 CONTINUE
IF(KS) Z21421,2C
2C KS=C
M=C
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21

22

23

24

26

21
1C0O

JE=JE+1

GO TU 5
JE=JE+JD
JED=JE+JD
BX=8X+DX
AX=AX4DX
CONTINUE
IF{L—-2) 25,23,22
CO 24 J=L»1
vx(J1=C.
vY(Ji=C.

WRITE OLTPUT TAPE 6,1C0,

POTEN=POTEN-SIZE

IF(POTEN-VBT) 27+26:26

AX=AX-BX

Go o 2

RETURN
FORMAT{17HCPOTENTIAL
END

(XeY)

FB8el,2H

T7(2H

pCTE,\'(VX(I)’VY(I"I=1'7)

(F5.3,1FyF5.3,2F)
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SUBROLTINE TWOUTIKK)
C TWOUT PRINTS OLT THE PCIENTIAL FILELD
COMMON LRH:LB)J]'RHvLoXT'KT'LINCyLBvXR’hTCP,NULQNLIH.NREG.NTPQ
NPIT'XEP,NXEP,CL,NPGNT,AXyAY,VX,VYpDX,DELY,YEP.XCV,F.KISW:ETX:
ETY,PTY,PTX,NAJ.NIJ'KBAvVAoVB’VC1hCC[R,KCH'HSLvXLSLuEPS'NPOLv
NPUL,JOT,KABpNSPAN.RX,NRL.KRL,KAN.LC9LD'VAT'VET.SIZE'KBR.RFUP'
RFDUWN9XCL,NUT'VC.KCYyNShP.ATX,ATY'KATgKATT'KAEE,RUFLvNJCTq
IXOs HGHp XLO Wy XMPR yNEM
CIMENSION KBN(2C) LD (4} 4LC(1C) yLURH{4000) ,UB{4000),JT(4000),
RF(4CCC)'L(4CCC)'XT(630)oKT(630)yL[hC(SO,’LB(ZOO’,CU(40’vVY(4C’
1VX(4C);KCH(4C),P]X(4C)9P]Y(40’1AY(40’vAX(QO)yATX(QO):ATY(QC)'

3 ETXCAC)ETY(4C) 4 XCU(4C) yKCY(10)

NN=KK

WRITE OULTPUT TAPE 6,1C2,NN

XCON=XEP# XMPR

WRITE OLTPUT TAPE 641CL yNXEPXCCN,EPS

IFIMO} 10, 3,1C
iC K=1

CE0 1 J=1,NTOP

KT{K ) =J

XT(K}=ulJ)

K=K +1

IF(K=-S) 1,242
2 WRITE OULTPUT TAPE 6,451C0 ¢ (KT{L) ¢L=148)(XT(L)gL=1,8)

K=1
1 CONTINUE

IF(K-2) B,6,6
& CO 7 J=K, &

KT{J)=C
1 XT{J)=C.

WRITE OULTPUT TAPE 6,1CO(KTIL) yL=1,8)4(XT(L)yL=1,8)
8 RETURN
WRITE OLTPUT TAPE 6,1C4
CO 11 J=1,NTOP

U N e

AN

(YY)

1l LiJ)=.5=(L{Ji+B LI
JOT=NJOT
NURL==-77111
GU TO 1C
160 FORMAT(1H 815,8F1C.3)
1C1 FORMATIZIHOPOINT/ERROR/EPSILCN I542F15.6)
102 FORMAT(13HCL-ITERATION [3)
104 FURMAT(23HOL-FIELD IS AVERAGED. )
END



SLBROLTINE MNIRI

C MNTRI COORDINATES THE RHS AND TRAJECTCRY CALCULATICN

301

35

VSN

[ g

COMMUN LRHvbB'JToRHpL'X'yKTpL[NC'LB'XR,NTCP.NULQNLINQNREC,NTF'
NPIT.XEP.NXEP.CLgNPCNTyAX,AY,VX.VY'DX,DELY'YEPQXCPngKISH,ETX,
E'Y;PTY,P]X.NAJ,NIJ'KBA,VA,VB.VC,NCCCR'KCH'HSL9XLSL1EPS.NPOL’
NPUL9J0],KAB'NSPAN'RX'NRLoKRL,KAN'LC.LC.VATgVETpSllE'KBN'RFUPp
RFDUWNpXCU.NUT:NU,KCY,NS“P.ATXyATYQKATQKATTtKﬁBByhURL'NJCT'
IXOsHGH,y XLOwy XMPR yNEM

CIMENSION KBN(ZC)!LD(4)9LC(10’vaH(4000’1U8(4000)'JT(4000,|
RF(4CCO),L(4CCO):XT(630)1KI(630):LIAC(SO)vLB(ZOO)'CU(4O)'VY(4C)
'VX(4C)1KCH(4C)yPTX(4C),P]Y(4C)yAY(40)'AX(4O)yATX(4O)QATY(4C)!
ETX(4C) ETY4C) 4XCUL (40) yKCY(LC)

NPIT=C

CO 1 J=1,4C

PTIX(J)=C.

PTIY(J)=C.

vY{J)=.CCCCC1

vx{Jd)=C.

CutJy)=0.

KCH{J)=—1

CO 35 J=1,NTOP

Leldr=uiJd)

URK(J)I=RH{J)

NOT=40T

NAJ=NTJ-1

IFINCOOR) 242,33

C ARC CALCULATES THE EMITICR CGORDINATES IF NECESSARY

2

3

C PEQ

13
12

11

7

CALL ARC
NCOOR =1
IFIKISW) 13,13,12

CALCULATES THE EQUIPOTENTIAL LINE FCR CU CALCULATICA

CALL PEQ

CO 11 J=1,NTJ
AX{J)=ETX{J)
AY(J ) =ETY{J)
Cx=LC(1)
CX=UX#H
CeELY=0X
JC=LC(2)
JCX=LC(2)
JE=LC(4)
JEX=LC(E)
JC=LC L 6)
JEX=LCLM)
RM=UX/YEP
AAX=C.

NS=C

JeD=JC

CO 22 JUN=1,JC
LO 7 J=1,NTJ
AY(J)=AY{J)+DX
IFINS) 444,45

C CURRNT CALCLLATES THE CLRRENT PER LNIT LENGTH

4

CALL CURRNT
NS=1

C TRAJY CALCULATES THE TRAJECTORY CCCRDINATES IN THE Y SWEEP

35



36

5

17

&
203

CALL TRAJY(JE,JED)

[FINOT)EWE, LT

NUT=NOT-1

WRITE ODLTPLT TAPE 6+LCONCToAY (L) o {K4AXIK) JVXIK) VY {KIyK=1,ATJ)
LO 2C2 K=Jk,JED,JDX

RE(K)=0.

C CALRY CALCULLATES THE RHS IN THE Y ShEEP

21

3¢
33
19
24

CALL CALRY({JE,JtD)
€0 21 K=JE,JED 44D X
RE(K)}=RP(K)*RM
8IG=C.

SML=1.

CO 34 Jd=1,NTJ
S=ABSFIVY{J)/VX(J))
IF{S-BIG) 33,33,3¢
BIG=S

IE(SML=S) 34,34,16
SML =S

CONTINLE

C SLOPE TEST FUR CHANGE CF SWEEP

148
23
2z

£5

208

IF(BIG-+SL) S55455,1¢
[FOSML=XLSL) 55955423
JED=JED+1

JE=JE+1]

WRITE OLTPUT TAPE 6,41C4
0 10 3¢C7
JX=(AY+.CCOL} /DX
NOT=C

€0 2CS J=1sNAJ
Cutdr==Cuty)
JE=JEX+JX

CU 2CC UN=1,4CX
JED=JEX+JDX-1
AAX=AAX+DX

C TRAJX PICKS LP THE TRAJECTCRIES IN THE X SWEEP

C CORRCT

9

8

202

CALL TRAJUX(JEX,JDX,AAX)

CONCITIONALLY TERMINATES CR SHIFTS THE TRAJECTCRIES

CALL CORRCT{AAX,JIN)

[F{NOT) £,8,5

NOT=NOT-1

WRITE OLTPUT TAPE 6+LCL NCToAAX  (KyAY{K) ¢yVX(K) VY (K)K=1,NTJ)
JrR=JE+1

CO 2C2 K=JR,J4tD

RE(K)=C.

C CALRX CALCULLATES THE RHS IN THE X ShEEP

201

200
307

305

CALL CALRX(JEX,JED, JE)

LO 2C1 K=JR,J4ED
RE(K)=RFE{K}#*RM

JE=JE+JDX

JEX=JEX+JDX

JUTY=C

IWRL =NRL-KRL+1
IFIKCY(IWRL)) 3C4,3C4,3C5
WRITE DLTPUT TAPE 64102, (J,XCLIJ) 9J=14NAYJ)
SLM=0.

L0 1C J=1.NAJ



1C SUM=SLM+XCLJ)
WRITE OLTPUT TAPE 6,1C3,5LM
304 IF{NURL) 303,3C2,3C2
C RTEST CHECKS THE UPPER AND LOWER BCUNDS CN RHS
302 CALL RTEST
C UCAL SOLVES THE MATRIX EGQLATICA

CALL LCAL
GO TO 3C1
3013 RETURN
1C0 FORMAT(IS,F1C.5,(1CH X VX VY [5,3£15.6))
1C1 FORMAT(IS,F1Ca5,(1CH Y VX VY [54+3€E15.6))
102 FORMAT(17HOINITIAL CLRRENTS //(T{LH ,124E14.6)))
1C3 FORMAT(EHCTOTAL El4.6)
104 FORMAT(Z24H0 TEST CN SLOPES UNMET. )

END



SUBRULTINE ARC

C ARC CALCULATES THE BEGINNING TRAJECTCRY CCCRDINATES

1C0
102
103

38

[S 0 I VO, N

W A

COMMON LRH LB o J T yRH gL o XT o KT yLINC o LB o XR¢yNTCPyNUL NLINJNREG, NTP,
NP ITyXEP ¢NXEP sCL 4JAPCNT JAXJAY gVX o VY sCXoDELY 9 YEP o XCVMy ko KISW, ETX,
ETY,PTYPTX NAJSJNTJIoKBA yVA, VB VC JNCCCRyKCHyHSL ¢ XLSLyEFS,NPOL,
NPUL»JOT KAB ¢yNSPANJRXyNRL yKRLyKANLC LD, VAT ,VBT ,SIZE,KBNyRFUP,
REDOWN ¢ XCUgNOT oy MO yKCY NSWPyATXJATY 4 KAT yKATT yKABBoNURL,NJCT,
IXO0 3 hGH,, XLOWs XMPR yNEM

CIMENSION KBN(2C),LD(4),LC(10) 4URH(4000) ,UB(4000),JT(4000),
RE(4CCO)sL{4CCC) o XT(63C) +KT(630) +LINC{50),LB(200),CU(40),VY(40)
s VXL4C) KCHU4C) 4P TX(4C) 4PTY(4C) ,AY(40) 4AX{40),ATX{40),ATY(4C),
ETX(4C),ETY(4C) 4XCL{4C) 4KCY(LO)

SUM=C.

CO 1 J=2.NEM
SUM=SLM+SQRTF{IATX({J)=ATX(J-L) ) #u2+ (ATY(J)-ATY(J-1))en2)

ARCL=NTJ-1
ARCL=SUM/ARCL
K=1

REM=0.

J=1

FYP=ARCL

tTX(K)}=SATX(K)

ETY(K)}=ATY(K)

K=K +1

XCIF=ATX(J)-ATX(J+1)

YUIF=ATY{J+1l)-ATY(J)

SA=SQRTF(XDIF%#2Z2+YD[Fne=2)

CSa=YDIF/SA

SNA=XDIF/SA

ETX{K)I=ATX{J)-HYP*SNA

ETY(K)=ATY(J)+HYP»(C SA

FYP=ARCL+HYP

K=K +1

REM=REM+ARCL

IF(K-NTJ) 4,6,6

IF( SA-REM=-ARCL) 5,3,3

J=J+1

FYP=ARCL- SA+REM

REM=HYP-ARCL

GO 10 2

CONTINUE

NEM=NEM

ETX(K)=ATXINEM])

ETY(K)=ATY(NEM)

IF(JO0T) 8,8,7

WRITE OLTPLT TAPE 6,1C3,SUM,ARCL

WRITE OLTPUT TAPE 691CCy(JsATX{J) JATY{J) yJ=14NEV)
WRITE OULTPUT TAPE 6,1C240dybETX{J)SETY(J) yJ=1,4ATJ)
CONTINUE

FURMAT (12HCX,Y=-EMITTIER//(T(1IH 412 +2H (F5.3,1KHyF5.3,2F} )
FORMAT (16HCXY-BEGIN TRAJ.//(TU1H ,12+2H (F5.341F4FS5.3,2F
FORMAT {30H ARC ,DELTA ARC LENGTH 2F10.5)

RETURN

END

3)
) 1))



SUBROLTINE PEQ

C PEQ CALCULATES THE EQUIPCTENTIAL LINE FCR THE CURRENT LCEANSITY
C CALCULATION

32

~ O~

1C

11

12

VoSN -

w N -

COMMON LRH;LB,J‘:RHvLoXI.KI'LINCoLB,XR,hTCP,hUL,NLIh,hREC,NTP.
NPIT.XEP'NXEP.CL.hPCNT,AX,AY,VX,VY,CX,DELY.YEP,XCN,P.K[SH,ETX.
ETY.PTY.PTX,NAJ'NIJ,KBA.VA.VB.VC,hCCCR.KCH.HSL.XLSL.EFS.NPUL,
NPUL.JOT.KAB,NSPAN,RX,NRL,KRL.KAN,LC,LD'VAT,VET.S[LE.KBN'RFUP.
RfDONN9XCU.NOT'FC'KCYpNSHP,AFX,AYY,KAT.KATT,KABB.AURL.NJCT.
IXOyHGH ¢ XLOWy XMPR yNEM

CIMENSION KBN(2C) 4LD (4) ,LC(1C) yLRH (4000) 4UB(4000),JT (40001,
Rh(éCCC),L(#CCC).XT(630)pKl(630)yLIhC(SO)pLB(ZOO)'CU(40)pVY(4C)
vVX(éC)yKCH(éC)yPIX(#C),PIY(#O)1AY(40)9AX(40).ATX(4O).ATY(4C)o
ETX{4C) £ TY{4C) 4XCU(4C) »KCY(10)

KBA=KBA

POTEN=L(KBA)

CX=H

L=0

KAB=KAB

IFINSWP) 32,24,22

AAY=C.

JE=LC(4)

JC=LC(E)

CU 8 JJ=1,KAB

AAX=C.

JED=JE+NSPAN

CO 1 K=JE,JED

J=K-1

IFC{UIK)I-POTEN)# (L{J)=PCTEN)) 1,147

CIF=ABSF(U{J)-ULK))

L=L+1

PTX(L)=AAY

IFICIF) 24642

PTY(L)=ABSFIU(J)-POTEN) /DIF #=DX+AAX

¢o 1O 7

PTIY(L )=AAX+DX

AAX=AAX+DX

AAY=AAY+DX

JE=JE+JD

CO 11 J=1,L

LL=t-J+1

T=OC

CO 1C I=1,LL

IF(T-PTX(I)) G,46,10C

T=PTX{1I)

NN=1

CONTINUE

PP=PTX{LL)

PTX(LL)=T

PTX{NN)=PP

PP=PTY(LL)

PTIY(LL)=PTY(NN)

PTY(NN)}=PP

CONTINUE

CO 14 J=2,L

IF(PTX(J)=-PTX(J-1)) l4s+12,14

NN=L=1]

39



CU 13 JJ=J+NN
PTX(JJI=PTIX{JJ+1)

13 PTY(JI)=PTY{JU+1l)
14 CONTINUE
50 IF(JOT) 6C,€C,7C
70 WRITE OULTPUT TAPE 6,1CCs(JsPTX{J) 2PTY(J) 4d=1,yL)
60 RETURN
24 AAX=C.
JE=LC(5)
JC=LC(6)
CO 28 JJ=1,.KAB
AAY=0.

JED=JE+JD-1
CO 27 K=JE,»JED
J=K=JD
[FOIUIK)-POTEN) = (L{JI-PCTEN}} 21,21 ,27
21 CIF=ABSF{L{J)-UL(K))
L=L+1
PTY(L }=AAY
[FIDIF) 22,264,227
22 PTIXIL)=ABSF({L{J)-POTEN) /OIF #DX+AAX
Co0 Tu 27
26 PTX(L)}=AAX+DX
21 AAY=AAY+DX
AAX=AAX+DX
2¢€ JE=JEHJID
00 41 J=1.L
LL=L-J+1
1=0.
JJd=LL
CO 40 I=1ytLL
IFLT-PTY(I)) 39,35,4C
a8 T=PTY(I)
NN=1
40 CONTINUE
PP=PTY(JJ)
PIY(JJ)=T
PTIY(NN)=PP
PP=PTX{JJ)
PTIX(JJ)=PTXINN)
PTXINN)=PP
41 CONTINUE
CO 44 J=2,L
[F(PTY{J)I-PTIY(J=-1)) 44,442,44
42 NN=L-1
CO 42 JJ=J,NN
PIX{JII=PTX{JJ+1)

43 PTIY(JJ)=zPTY({JI+])
44 CUNTINUE
60 10 5C

100 FORMAT{L1BHCX,Y-EQUIPOTENTIAL//{7(1H ,12,2H (F5.341HyF5.3,2F) )))
END



C CURRNT

1

2

3

4

5

i

2

3
2C

1C
11

12

13
L4
4¢
50

30

39

SUBRULTINE CULRRNT

CALCULATES THE CULRRENT PER UNIT LENGTH

COMMON LRHoUB g JToRH U o XToKTyLINC yLByXRyNTCPyNULSNLINJNREC,NTF,
NP IToXEP JNXEP yCUSAPCNT JAX G AY gV Xy VY yCXyCELY pYEF 4 XCNMyF oK ISK, ETX,
ETY PTYyPTX,NAJYNTI9KBA s VA4 VB s VC yNCCCRyKCHyHS Lo XLS L4 EFS,NPOL
NPUL yJOT,KAB yNSPANgRXyNRL yKRLyKANSLC yLD o VAT o VBT S TLZEZKBNyRFUP,
REDOWN g XCU ¢gNOT ¢ NCyKCY I NSWP JATX ATY  KAT 4 KATT ,KABE,NURLZNJCT,
IXO 9y FGHy XLO w9 XMPR yNE M

CIMENSION KBN(2C),LD{4),LC{L1C) yLRH (4000) ,UB(4000) ,4J4T(4000),
REC4CCO) UL 4CCC) 9 XTLE3C) 4k T(630) yLINCIS0),LE(200),CU{40),VY(4C)
o VX{A4C) JKCH{4C) 4PTIX(4C) yPIY(4C) yAY(40) yAX(40) 4 ATX{4C ), ATY(4C ),
ETX(4C)£TY{40) 4y xCL14C) WKCY(LC)

CIMENSION HX(2C)

XK=22e/Ga#YEP#SQRTIF (242 XUM) #H

IF{KISW) 2C,2C,2C

LU 1C J=1,43C

KBA=KBA

CeELL=VA-U(KBA)

XK=XK#DELL* SQRTF (CELL)

N=J

K=(PTX{J)+.CCCLYZE TX

IF(K) 1Cy1Cy11

CONTINLE

J=1

L=1

XC=PTY(N)-ETY(J)

YE=P TY(N+L)-ETY(J+2)

XMIL=.5# (XC+YD)

UP= JS#(XMID+XD)

CN= 5#{XMID+YD)

FA({L)=LP

FX{L+1)=DN

L=L+2

J=J+2

N=N+1

It{L-NAJ) 12413413

CO 4 J=1,NAJ

CLty)= XK/ZHX(J)wn2

LO SC J=1.NAJ

XCultJdr)=CLI(J)

RETURN

K=NPOL

JU=NPUNT

XK =XK /H=»2

J=1

JUB=K +JC

LA=.5=#(L{K)+L(JCB ))

LL=.52#(LA+L(K))

UA=.S#=(LA+L(JUB 1))

CELL=VA=-LL

CL{J)=xXK#DELL# SGRIF (DELL)

LELLU=VA-LA

CUtJ+1)=XKoDELL* SURITF{DELL)

J=Jd+2

K=K+JD

IF{J-NAJ) 3S,4C,4C

ENC

41



SUBRUUTINE TRAJYI(KE ,KED)
C TRAJY CALCULATES THtE CCORDINATES IN THE Y SWEEP
COMMON LRH LB o JT4RH gL o XTyKTyLINC LBy XRyNTCPyNULJNLINJNREC,NTP,
NP ITy XEP ¢NXEP yCL yNPCNT yAX3AY gV Xy VY, OXyCELYyYEF ¢ XCNMyFyKISW, ETX,
ETYSPTYyPTXyNAJJNTI KBA VA, VByVC JNCCCRyKCHyHSL o XLSLyEPS,NPOL,
NPUL s JO T KAB ¢y NSPANyRXyNRLyKRLyKANSLC yLO VAT 3 VBT ySIZEWKEBNyRIFUF,
REDOWN ¢ XCUSNOT o MC o KC Yy NSWPyATX 9gATY yKAT yKATT KABByNURLyNJCT,
IXOs FGH s XLO W ¢ XMPR 4y NEM
CIMENSION KBN{2C) LD (4) ,LC{10) yURH(4000) ,UB(4000),JT(4000),
RE(4CCCYyLI4CCO) 4y XT(630) 4KT(630) ,LINC{50),LBL200),CUL40),VY(4C)
s VXL AC) ¢KCHI4C) 4P TX(4C) 4PTY(40) yAY(40) yAX(40) sATX (40 )4 ATY(4C),
3 ETX{4C),ETY(4C) 4 XCL (4C) 4KCY (10}

JE=KE

JED=KED

JC=NPONT

CO 4C K=14NTJ
4] AD=AX(K)/H

JX=AD

XA=JX

XA=AD~ XA

JP=JE+JX#JD

JS=4

JQe=JP-1

JOP=JQ+JD

UL=(1l.-xA)eL(JQ)+XA=L (JOP)

JAP =4P +JD

UK={1le=XA)eL{JP)+XARL (JAP)

IF(XA-.5) 141,5

VBN -

N -

5 XA=XA-1.
JX=JdX+1
JQ=JQ+1]12

1 JOP=JQ+JD
JAP=4Q-JD

YLA=(XA+.5)#U(JCP  )-2.#XAxL (JQ)+ (XA-.5)aU(JAP)
CY=VX(K)/VY{K)

JOX=JX
1 XB=XA+DY
IF{CY) S,G9,1C
g Xb=1l.+XB
JX=JdX-1
9 IF(XB+.5) By124912
11 XB=xXg-1.
JX=JX+1
10 IF(XB-.8) 12,412,411
12 JP=JE+JX#JD
JOP =JP +JD
JAP=4P-JD

YRA=(XB+.5)#G(JCP )-2.+XBsL{JP)+(XB-.5) %U(JAF)
IF(X8) 19,2C,20

19 XB=1.~ABSF{XB)
JP=4pP-112

20 JQ=JP-1
JOP=JQ+JD
JAP =JP +JD

LUSN=(1.-XB)*L(JQ)+XB+L (JOP)
LAON=(1—XB)#U(JP)I+XB=L (JAP)

42



4C

CUX=+5#% (ULK-LL-LSN+LGN)
VYB=SQRTF(VY(K)*#2-2.4XQM*DLX)
CT=2.%DX/(VYB+VY(K))
JS=J§5-1

YA=.5%XQM# (YLA+YRA) /DX
CY=0CT#(VX{K)-.5#YA=DT) /DX
JdX=J40X

IF(JS) 2142147

VY (K )}=VYB
VX{K)=VX{K)-YA=*C1
AXIK)=AX{K)}+DY+DX
CONTINUE

RETLRN

END

43



SUBRULTINE CALRY(KE yKED)

C CALRY CALCULATES THE RHS IN THE Y SwEEP

12

13

14

44

LS S

N -

COMMON LRH LBy JToRH ULy XT KT yLINC yLB s XR4ATCP NULSNLINSANREC,NTF,
NP IToXEP yNXEP »C UL ) NPCNT yAX2AY gV X g VY CXyDELY o YEFXCNMyFyKISW, ETX,
ETYyPTY WP TXyNAJYNTI oKBA o VA, VB o VC yNCLCRyKCH HS Lo XLSLyEFSy NPOL,
NPUL s JOToKAB ¢yNSPANyRXyNRL s KRL oKAN,LC oLDy VAT 4 VBT ySIZE,KBN,RFUP,
REDOWN g XCUgNOT 3y NC o KCY 4 NSWP yATXpATY KAT 4 KATT yKABEBNURL S NJLCT,
IXOsFGHa XLO Wy XMPR ,NEM

CIMENSION KBN(2C),LD(4) 4LC{1C) yURH (4000) 4UB(4000),JT(4000),
RH{4CCO) UL 4CCC) o XT(630) 4KT(630),LINC(50),LB(200),CUL40),VY(4C)
s VXL4C) gKCH{4AC) yPTX(4C) yPTY{4C) 9AY(40) AX(40) ,ATX {40 ), ATY(4C),
ETXL4C)4ETY(4C) 4xCL{4C) LKLY (L1Q)

JE=KE

JEC=KED

CO 33 Jd=1«NA J

J=JdJ

FT=aX{(J+1)-AX{J)

IF{HT) 12,12,13

FT1=-HT

XF=AX(J+1)

JX=XF/DELY

NB=AX{(J)/DELY+1.

WA=SQRTFIVX(J+1)ee2+4 VY (J+]l) #e2)

WB=SQRTF{VY(J)ne2+4VY(J)#n2)

COoO TU 14

XF=AX(J)

JX=XH/DELY

WA=SURTF(VX{J)#a2+VY(J)#%2)

WB=SURTFIVX{J+1)ue24 VY (J#])#n2)

NB=AX(J+1)/DELY+1.

YL=XF+HT

CO 32 KK=JdXNb

K=JE+KK#NPONT

XA=KK

XUD=({XA— .S )#DELY

XX=XLUC+DELY

YU=MAXLF{XUDy XH)

YO=MIN1+(XX,YL)

IF(YD-YL) 32,32,21

XA=.5%# (YD+YL)}

W=WA+( XA=-XH)* [WB-WA )} /HT

RE(K)I=REIK)+(YD-YL)}=CL{JJ)} /(HT*h)

CONTINUE

CONTINUE

RETULRN

ENC



SUBROULTINE TRAJX(KE +KED 4B X)
C TRAJX PICKS LP THE TRAJECTCRIES IN THE X SwEEP
COMMON LRH.LB,J],RH.L'XI,KT'LIAC,LB.XR.hTCP.kUL,hLIh.hREC'NTP.
NPII,XEP,NXEP,CL.RPCNI.AX'AY,VX,VY.DX.DELY.YEF.XCN,P.KISN.ETX.
ETY,PTY.PTX.NAJ.NIJ.KBA,VA.VB.VC.hCCCRoKCH-HSL,XLSL.EPS.NPDL:
NPUL'J01.KAB.NSPAA.RX.NRL.KRL,KAh.LC.LC.VAT.VBT.SIZE.KER.RFUP.
KFDUNN,XCL.NDI,PC.KCY,NShP.AIX:ATY.KAT'KATT.KABE.hUPL.hJCT.
IXO,HGHy XLOWy XMPR ¢ NEM
CIMENSION KBN(ZC),LD(4),LC(10).URH(4000).UB(#OOO).JT(QOOO)-
RF(4CCO).L(4CCC),XT(63O).KT(630)9LIhC(50).LB(ZOO).CU(éO).VY(AC)
,VX(4C).KCH(4C).P]X(4CIyPTY(4OI.AY(40),AX(40),ATX(40),ATY(4C),
ETX{4C) ETY(4C),,XCL(4C) 4KCY(10Q)
JE=KE
JED=KED
AAX=BX
CO 1C J=1sNTJ
IF(AX(J)+1.) 1GC51CHl
1 IF(KCh(J)) Z2411,11
2 IE(AAX-AX({J)) L1C,41G,3
3 IF(J=1) 44445
5
4

D N e

—

w N

cuty-1) ==CLly=-1)
JX=(AY(J)+.CC1) /DX
IF(NOT) 4Cy4C,4al

4G [F{JOTY 41441042
42 NOT=40T
41 JP=JE+JX
JQ=JP-NPONT
JS=4

XA=AAX-AX(J)
LL={1le—XA) 2L (JP)+XA*L{JQ)
LK=U{JP)

UA=( le—XA)2UL(JP-1)+XA=L{JQ-1)
UD={1le=XA)®UL{JP+1)+ XASU(JQ+1)
YLA=,5%LD-.5#LA
Cy=vY{(JI/vX(J)

JOX=JX
7 XB=DY
G0 TO 3C
31 XB=XB8~1.
JX=dX+1
30 IF{XB-.5) 12412431
12 JP=JdE+JX

YRA;(XB#.S)*b(JF+l)—2.*XB*U(JP)+(XB‘.S)‘U(JF—I)
IF(XB) 16,1642C

19 Je=dP-1
XB=1.-ABSF{XB)
20 JU=JP-NPONT

LUN={ 1e—XB)eU(JP)+XB2L(JP+1)
USN={l.~XB)#U(JQ)+XB*L(JQ+1)
USN=( 1o~ XA )*UQN+XA®LSN

CLX=.5% (LK-LL+UGN-LEN)
VXB=SURTFIVX{J)wu2-2. ¢ XCMeDLX)
DI=2.#XA/(VXB+VX(J})

JS=45-1

YA=.5#XQM/DX* { YLA+YRA)
CY=CT#(vY(J)-.5#YAxDT) /DX
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JX=JOX
[FLJS) 21y2141
21 VX{J)=vVxB
VY(J)=vY{J)-YAsL]
AY(J)=AY(J)+DY=DX
AX({J)=AAX
KCH(J)=C.,
¢o0 10 1C
11 AX(J)}=AX1J)+DX
C TRAJ CALCULATES THE TRAJECTORY CCORDINATES IN THE X SWEEP
CALL TRAJ(JEZJEDJ)
1C CUNTINUE
RETURN
ENC
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SUBRULTINE TRAJ(KE »KED o M)

C IRAJ CALCULATES THE TRAJECTCRY CCORDINATES IN THE X SWEEF

WS W N e

W A =

CUMMON LRH’LB'JlyRH'L,XI.KT.LINC.LB,XR,ATCP,NUL:NLIR,AREGpNTP'
NP[I.XEP'NX[PgCL,NPCNT.AX'AYpVX.VY'CX.DELYyYEF.chyfoKISN,ETX.
EIY'PTYyP]X,NAJ.RTJ'KBAgVA.VB,VC'hCCCRqKCHyHSL'XLSLvEFS,NPCLO
NPUL.JU‘,KAB,NSPAN.RX'NRL,KﬂLpKAN.LC'LDgVAToVETpSllE'KEN|RFUP9
RhDUNN;XCU;NOT'NU'KCY.NShPpATX'ATY,KATyKATT'KAEB.NURL'NJUT.
IXCHGHy XLO hy XMPR ,NEV

CIMENSION KBN(ZC)’LU(4)'LC(lO)1LRH(4000)oUE(4000).JT(4000)’
RF(QCCC):U(QCCC):XT(63O)1K1(630)1L[hC(50)'LB(ZOO)'CU(QO)vVY(4C)
vVX(“C)yKCH(QC).PlX(QC)pPIY(QO).AY(40)'AX(QO)'ATX(4O)9ATY(4C)t
ETX{4C),ETY(4C) ,XCL(4C) +KCY(10)

Je=KE

JEC=KED

K =M

TRAJ CALCULATES CCORDINATES FCR X-ShEEP

AC=AY(K)/DX

JXx=AD

XA=dX

XA=AD- XA

JP=JX+JE

JS=4

JQ=JP~NPUNT

CL=(le=XA)aL(JQ)+XARL (JQ+])

UK=(1le=XA)YuL(JP)+XA®L(JP+1)

IF(XA— .5 1,1,5

XA=XA- l‘

JQ=JG+1

JX=dX+1

YLA=(XA+.5)#0U{JQ+1) 2.2 XAl {JQ)+ (XA-.5) =U(JC-1)
CY=VY{K)/VX(K)

JOX=JdX

XB=XA+DY

IFICY) S95,10

XB=XB8+1.

JX=JX-1

IF(XB+.5) 8412412

XB=XB-1.

JX=dX+1

IF{XB—- . 12,1211

JP=JE+IX

YRA=(XB+e5)# Ul JF+1)-2.#XBuL (JP)+ (XB-s5)#U(JP-1)

IF(X8) 19,2C,20

JP=Jdp-1

XB8=1.-ABSF (XB)

JQ=JP-NPONT

USN=(1.—-XB)eU{JQ)+XBaL{JQ+]1)

CAON={ 1= XB )2 U{JF )+ XB=L (JP+1)

CUX=e5#% (LK~LL-LSN+LCN)

VXB=SQRTIF{VX{K)=#2-2,#XCM2DLX)

CT=2.#DX/(VXB+VX{K))

JS=45-1

YA=.5#XQM* ( YLA+YRA) /DX

CY=DT#(VY(K)=-.5#YA=DT) /DX

JX=JOX

IF(JS) 2192147
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VX{K)=VXB
VY(K)=VY(K)-YA%DT
AY(K)=AY(K)+DY#D X
RETULRN

END



SUBRULTINE CALRX(KE 4KED 4KD)

C CALRX CALCLLATES THE RhrS [N THE X SWCEP
CUMMOUN LKH.LB.JI.RH.L.XI,KT.L[NC.LB,XR.hTCPpNUL,hLIA.AREC'NTP.
NPIT.XEP,NXEP,CL.APCNT,AX.AY,VX'VY,LX'CELY.YEF'XCP.F.KISN.ETX,
EIY’PTY'PTX.HAJ "\[J,KBA 'Vl\'VB'VC"\CCCR 'KCH'FSLIXLSL'EFS,NPCL'
NPUL,JOI.KAb.ASPAN.RX.NRL,KRL;KAN.LC.LC.VAY,VBT'S[lt,KBh.RFUF.
RhDUhN'XCL,NUT,NC.KCY.NShP,ATX.ATY.KhT,KDTT.KABB,AURL.NJCT'
IXOgFGH XLO W ¢ XMPR 4NEWM
CIMENSION KBN(2C),LD (4) 4LC(L0) yLRH (4000) ,UB(4000),JT (40001},
KF(QCCO),b(QCCC)yXT(bBO)pKI(bBO)pLIhC(SO)'LB(ZOO)oCU(40),VY(4C)
,VX(%C),KCH(éC).PTK(#C).PTY(#O),AY(40).AX(QO).ATX(QO).ATY(éC)'
ETX(4C) ETY(4C) 4 XCL(4C) 4KCY (10D
JAC=KD
JE=KL
JED=KED
L0 23 JJ=14NAJ
J=JJ
[IFICLUJI)) 23,3241
1 FT=aY(J+1)-AY{J)

[FLET) 12412,13
| Fi=-k1

XF=aY(J+l)

JX=XH/DELY

Nog=AY{J)/DELY+1.

WASSURTFIVX(J+L)#e24VY (Jt]) wu2)

WB=SQRTFIVX{J)ea2+VY(J)%e2)

GU TO 14
13 Xt=AY(J)

JX=XF/DELY

WA=SURTF(VX{J)aa24VY(J)#n2)

AB=SURTF(VX(J+1 )2+ VY (Jt]l) #x2)

NB=AY{J+1)/CELY+]1.
14 NA=JX+JE

NB=NB+JE

YL =XH+H]T

LCO 22 K=NA,NB

IF(K-JAD) 32,32,1C
1C XA=K-JE

XUD=(XA-.5)#DELY

XX=XLD+DELY

YL=MAXLF{XLDyXH)

YC=MINLIF{XX,YL)

[F{YD-YL) 32,32,21
21 XA=.8={YD+YL)

n=WA+{XA-XH)= (WB—hA) /HT

RE(KDISRE(K)I+{YD=-YL)#CL{JJ) /(HT*w)

(S B N N

) N -

32 CUONTINUE

33 CONTINLE
RETLRN
END
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SUBROLTINE CURRCT(BAX,M)

C CORRCT COUNDITIONALLY ENDS OR SHIFTS THE TRAJECTCRIES
COMMON LRH.LB,JI,RH.L'XT'KTvLINC'LBvXR,hTCFpNUL'NLIh.hREGgNTPq
NPIT,XEP,NXEP.CL,APCNT.AX,AY.VX,VY.DX,DELY,YEF.XCP.F,KISH'EIX.
ETY,PTY.PTX.NAJ,NTJ,KBA:VA.VByVC,hCCCR.KCF'HSL,XLSL.EPS.NPOL,
NPUL,JDT;KAB.NSPAN.KX.NRL.KRL.KAN.LC,LD.VAT.VET,SIZE.KBN'RHUP,
RPDUNN,XCL.NOT,NC.KCY.NShP.ATX,ATY.KAT.KATT.KABB,AUFL.NJCTv
IXOyHGHy XLO Wy XMPR ,NEM
CIMENSION KBN(2C),LD(4) ,LC(10),URH(4000) 4UB{4000),JT(4000),
1 RH(QCCO);U(4OCO);XT(63O)oKT(63O)1LIAC(50)1LB(200).CU(40),VY(40)

pVX(4C).KCH(4C)vPTX(4C)1P]Y(4O’vAY(40,9AX(40)9ATX(4O)9ATY(4C)!
3 ETX(4C)ETY(4C) 4 XCU(4C) 4KCY(10)

N2 W N

JN=M
AAX=BAX
IF(UN=12) 1C,1,12
12 IF(JUN=-12) 1C,13,1¢C
1 CU 3C J=1,NTY
IF(AX(J)+1l.) 30,3C,3
3 IF{ XLOW-AY(J)) 4,3C,30
4 AYD=AY(J)-AY(J+1])

AY(J)= XLOW
IFCAY(J)-AY(JU+1)) 5,5,6

5 AY(J)=-1,
AX(J)z-l.
Cu(Jd)=C.
GO 16 20

¢ AYDS=AY(J)-AY(J+1)

AYDL=AYD-AYDS

CLIJ)I=CLIJI*AYDS/AYD
VY(J)=(VY(J)*#AYDS+#VY(J+1)#AYDL) Z/AYD
VXEJ)=(VX(J)I*AYDS+VX(J+1) #AYDL) /AYD

30 CONTINUE
10 RETULRN
13 CO 40 J=1,NTJ
IFLAX(J)+1.) 4C,4(,21
21 IF(AY(J)- HGH ) 22,4C,4C
éz AYD=AY(J-1)=-AY(J)
AY(J)= HGH
IF(AY(J)-AY(J-1)) 24,23,23
23 AY(J)=-1.
AX{J)=-1.
Cutu-1)=C.
GO 7O 4c
24 AYDS=AY({J=-1)-AY(J)

AYDL =AYD-AYDS

CUCJ=1)=CUlJ-1)=AYDS/AYD

VY(J)I=(VY(JI*AYDS+VY(J=-1)»AYDCL)/AYD

VX(J)=(VX(J)=AYDS+VX(J=1) «AYDL) /AYD
4C CONTINUE

GO 10 1C

END
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SLBROLTINE RTEST
CUMMON LRH.LB,J],RHyL,XI,KT'LIhC,LB,XR'hTCP.hUL.hLlh'hRECcNIPv
NPI],XEP'NXEP.CL,NPCNT'AX,AY.VX.VY'CX,DELY.YEP'XCN,F,KISN.ETX.
ETY,PIY.PIX,NAJ,NIJ.KBA,VA,VB,VC.ACCCR.KCHsHSL'XLSL'EPSoNPDLv
NPUL,JOI.KAB,NSPAN.RX,NRL,KRL,KAA,LC,LC,VAT,VET,SllE.KEh'RFUP.
RPDONN.XCL,NUT,NC,KCY,NShP,AIX.ATY.KAT.KATT,KABE.hURL,hJCT,
[XOyHGHy XLO Wy XMPR yNEW
CIMENSION KBN(ZC)'LD(é).LC(lO),URH(4000),UB(4000)'JT(4000)v
1 RF(4CCC).L(4CCC).XT(63C)oKT(630)'LIhC(50)qLB(ZOO)yCU(ﬁO),VY(QC)
2l 'VX(4C)9KCH(4C)'PIX(4C).PIY(QO).AY(40).AX(#O),ATX(4C),AIY(4C).
2 ETX(4C ) ETY{4C) 4 XCUL(4C) 4KCY(10)
C RTEST CHECKS ON THE UPPER AND LOWER BCUNDS
C KAN=TEST POINT
KAN=KAN
RT=RK{KAN)
SXx=1.
C FIRST TwU CYCLES SET LPPER AND LCWER BCULNDS
IF(KRL) 22,23,22

W e

23 IF(MD) 11,2211
22 IFIKRL-NRL+1) 5421
C REUP=UPPER BOUND
1 REUP=RT
GO o 18
2 IF(RT-RHUP) 18,18,3
C RFCOWN=LOWER BOULND
3 RDOWN =RHLP
MO =-MO
RHUP =R T
4 G0 10 168

C MO=+1 ,CFECK 1S ON LPPER BCLND
C MO=-1 sCFECK IS ON LOWER BCULND
C M0=C 4NO CHECK
IF{MO) 1Cy16G, &
SX=SX*R X
CoO 7 J=1,NTOP
RE{J)I=RH({J)=RX
IF{RFLP-RH(KAN)) €495+S
[FIRKH{KAN)~RHDOWN) 11416,16
IF{{RT=RHDOWN)# (RT=RHLP)) 16,1611
POW=1.7SX
CO 12 J=1,NT10P
12 RFE(J)=S# (RH(J)#PCW+LRH (J))
KRL=1
JJ=NKL+1
KCY(JJ)=7117
KCY(JJ+1)=117
WRITE OULTPUT TAPE 6.1CC
IF{MO) 1l4413,13
12 REULP=RT
6o TO 1%
14 RFOOWN=RT
15 M0 =C
1€ IF(MD) 18,166,117
17 REUP=RH(KAN)
0 10 1%
18 REDOWN=RT

oo

— e O D~
- O
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19 XT(l)= RHDOWN
XT(2)= RH{KAN)
XTt3)= RHLP
WRITE OLTPUT TAPE 641CL(XT(J) 9d=1,3), U(KAN)
IFUIX0) 21421,24

24 IW=NRL-KRL+1
IF{KCY(Inw)) 21,21,2C

C TROUT PRINTS OLT THE RHS

20 CALL TROUT

21 MG =-M0
KRL =KRL=-1
RETURN

1CO FORMAT(11HCRH=AVERAGE )

1C1 FORMAT(THCRHLOW=F 643 y4H RH=F 6.3 46H RHUP=F6.3,7H UTEST=F1ll.4)
ENC

52



SUBROLTINE TROLUT
C TROUT PRINTS OLT The RHS
COMMON LRHyUB o JToRH gLy XT o KT yLINC oLB o XRo4NTCPSANULGJANLINSNREC,NTP,
NP ITs XEP 4N XEP yC L yNPCNT yAXJAY 3 VX g VY yCX3DELY s YEP o XCN oK ISW,y ETX,
ETYWPTYPTX NAJJNTIKBA y VA VB VC yNCCCRyKCHyPSLyXLSL,EFS,NPCL,
NPUL yJDT,KAB ¢yNSPANSRXyNRL pKRLyKANSLC yLDy VAT VBT ,SIZE,KEN,RFUP,
REDOWN ¢ XCUgNOT ¢ MCoKCY s NSWP JATXJATY s KAT 4KATT ,KABt s NURLyNJCT,
IXO04EGHy XLO Wy XMPR yNE M
CIMENSION KBN(2C) LD (4) 4LC{LQ) ,LRH(4000) 4UB(4000) 44T (4000},
RE(4CCC)LIACCC) o+ XT(630) yKT(630) 4LINCI(50)4LB(200)4CUL40),VY(4C)
s VX(4C ) KCH{AC) 4PTIX(4C) 4PTY(40) yAY(40) 4 AX{40) JATX (40 )y ATY(4C),
3 ETXU4C),ETY(4C) 4xCUL(4C) yKCY(10)

IF{MO) 1Cs11s1lC
1C K=1

CO 1 J=14NTOP

KT{K)=J

XT{K)=Rk{J)

K=K +1

IF(K-G) 14242
é WRITE OULTPUT TAPE 64.LCC{KT(L) oL=148),4(XT(L),L=1,8)

K=1
1 CONTINLE

IFIK=2) By646
€ CO 7 J=K,8

KT({J)=C
7 XI(J)=Ce.

WRITE OULTPUT TAPE 6,1CCo{KTIL) yL=1,8),y{(XT(L)yL=1,8)
8 RETULRN
11 WRITE OLTPUT TAPE 6,1C1

K=1

CO 21 J=14NTOP

KT{K)=J

XT(K)=eS% (RH{J)+LRH (J))

K=K +1

IF{K-G) 21422422
22 KWRITE OLTPLT TAPE 6,1CCy(KTI{L) yL=148) 4 (XT(L) 4L=1,48)

K=1
21 CONTINUE

[F{K-2) 8y2€,26
26 CO 27 J=K, 8

KT{J)=0
27 XTtJd)=C.

WRITE OLTPLT TAPE 641CO,y (KTH{L) 9L =1,8) {XT(L)yL=1,8)

CO TU &8
1CO FORMAT({1H BI5,8F1C.3)
1C¢1 FORMAT(z1HCRH PRINT IS AVERAGE. )

END

(5 I SO

DN

53



= LATA

1

1

11

FAMZAZ/AXI-SYMeTRIC ICN ENGINE
MAX [MUM SLUPE TEST IS CN 1.
MESH S1Ze=.CCS

EMITTER POTENTIAL

LOWER ELECTRODE=C.
SUPPRESSION FACTOR

CURRENT
INITIAL
EMITVTER
221 12
50 2C
0 1
i 1
C 1
11 C
S1 Z
12 C
169 2
13 C
cC -12
«35
0 -12
«9C
c -12
85
c -12
80
¢ -12
«15
c -12
.10
0 -12
«£5
c -~-12
.60
0 -1i3
«55
0 -13
<50
0 -13
<45
o -1:2
«40
c -12
«49375
0 -12
«20625
0 -13
«€5
c -12
«15
c -12

=5€57.2 VvOLTS
UPPER ELECTRODE=-31€4.€ VvOLTS

VCLT
.4

S

IS CALCULLATEC BY EQUAL DELTA X

SWEEP IS IN Y-DIRECTIGAH

COGORD. ARE TAKEN AS [HE BEGINNING TRAJ. CCCRD.
1Cé¢ 1 3¢ 2¢C L
€EC 3Cg 221 C
-1 1 -1 1 -1 i -1 1 -1
-1 -1 i C
12 c 12 5 1C 0 26 4 | 91
5¢ 2 12 o 65 2 12 0] 78
12 0 104 2 12 0o 117 2 12
142 2 12 C 156 2 10 0 156

€ C 165 S 13 0 182 3 5

16¢ 6 12 C 20¢ 1 13 0
13 -1 C 1

«G5 «55 -« G775 3.8 ~«925
12 -1 C 1

«GC «SC -+ 925 3.6 -.875
13 -1 C 1

-tﬁ .85 —0875 3.4 "0825
12 -1 C 1

+EC -« 8C ~.825 3.2 =775
13 -1 C 1

«15 « 15 ~« 775 3.0 -+725
12 -1 C 1

«1C «1C - 725 2.8 ~«675
13 -1 ¢ 1

«€5 «65 -e675 2.6 —+625
12 -1 C 1

«&C «€C -+ 625 2.4 -+575
13 -1 C 1 .

«s 055 —0575 202 "0525
12 -1 C 1

«5C «5C -.525 2.0 -.475
13 -1 C 1

«45 «45 -e415 1.8 ~a425
13 -1 C 1

«4C «4C ~e425 l.6 -.375
13 -1 C 1

«4G637¢ «49275 C. 1.9625 -.975
13 -1 C 1

.2C€2°% «2C€25 ~-e425 . 8375 0.
13 -1 ¢ 1

«€5 «65 <675 246 ~+625
13 -1 C 1

«15 «15 -« 775 3.0 « 7125
13 -1 c 1

39
12
130
12
182

OO

15

g1

81

9SG



15084622

c -13
«15

o -12
.60

0 -13
.383S81¢e7

c -12
«337G15966

0 -12
«853€325¢

c -12
12163908

g -13
«3C19€€5¢

c -12
«3602242C

¢ -132
+4CCETLLE

c -12
«4286274¢

0O -13
.78C578¢€¢

o -12
«9306€352

¢ -112
«929232C34

g =12
86164494

0 -113
. 715512481

a -12
36875

o -132
«1C

g -12
5

¢ -13
«ICIT117€S

c -12
«49

o -12
« 85

c =-1i32
.20

C -13
+£CT1CCT¢E

C =-1lz
441784236

¢ -11
+71CCCCCCC

¢ =132
.65

¢ -13
.25

c -12

1.372645¢
13 -1
«G5(GEE4L4E
12 -1
.GC0187CEt3
13 -1
2.2192357
12 -1
1.1218363
13 -1
«ES5ESELSY
12 -1
«£G224C3C
13 -1
«ICT4E522
12 -1
e 264221314
12 -1
40211125
12 -1
«4Z2G57€1762
12 -1
. 177322C8
12 -1
«.CE4TE4]LL
13 -1
«ETT4E762
13 -1
«EECS2254
12 -1
«1G25€CSS
12 -1
«3€ETE
12 -1
. 1CEELT€ES
12 -1
« 12E8EECSC
l -1
LEEE14481
12 -1
«45
-13 -1
et 5
12 -1
1.7645G823
-1l -1
«57170€2C
12 -12
4.,44563¢c8
13 -1
«GTET118C
12 -1
«HEECCGET
13 -1
otS
-12 -1

«56566G15
C 1
+E1CC26CC
C 1
«EBZzGC213
C 1
«61C(33¢8
C 1
«4ECT55CE
C i
«ES5E5€L54
C 1
« TESESSES
C 1
«3CT4€E522
¢ 1
«3€422314
C 1
«4C3211125
C 1
«426G7€762
C 1
«1771322CE
¢ 1
+SE4TEALL
C 1
1.2721663
c 1
«EE6(53254
C 1
« 1GZ25€CSS
C 1
«3Et15
¢ 1
« 12628258
C 1
«57165333
C 1
l.47CCEL2E
C 1
<45
C 1
« &5
C 1
«714186C4
¢ -11
2.CCE5567

«G31708046

- 175

_.625

-e915

—e525

1.01369C9

l.8545964%

—e419

« 475

.45

1.45971761

3.9264C21

8.56G25431

1.CC8l4ll

l.1684555

T e 7&5

—.615

|

« 775

N )

~«875

~e 925

T e HZS

3.886C4306

-+ 725CCCO

—e615

<815

4.6810257

3.2609924

2.7847726

4.7123274

3.5244100

3.6058140

4.4418322

2.3804767

1.9267936

1.8325834

1.8067430

3.9794202

6.02072701

11.867200

3.6050062

3.6%85774

1.4625

2.8349002

3.0106042

3.9505388

1.8

3."

3.4987793

5.2088771

Y.8123157

3.1580819

2.3483578

3.4

~e 175
-.725
~e575
13679580
1.3968117
~«875
~«325
1.2905064
.712314733
+55136090
«47220713
-+925
~.925
-+925
—«875
~«875
-.725
~«675
~e625
.82031120
425

- 4825
-.4715
1.5201413
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